Abstract-This paper proposes a new hybrid static var compensator (SVC) with a series active filter (AF). The proposed hybrid SVC consists of a series AF and SVC. The series AF, which is connected in series to phase-leading capacitors in the SVC, performs a resistor for source-side harmonic currents. A sinusoidal source current with a unity power factor is obtained with the series AF, although the thyristor-controlled reactor generates harmonic currents. A digital computer simulation is implemented to confirm the validity and high-practicability of the proposed hybrid SVC using PSIM software. Simulation results demonstrate that sinusoidal source currents with a unity power factor are achieved with the proposed hybrid SVC.
I. Introduction
Large-capacity electric arc furnaces and rolling mills cause rapid reactive-power fluctuations in distribution feeders. These rapid reactive-power fluctuations lead to reactive power interferences such as flickers and voltage fluctuations in distribution feeders. Static var compensators (SVCs) with thyristor-controlled reactors (TCRs) and phase-leading capacitors (PLCs) are widely used to solve the reactive power interferences in distribution feeders because of low costs [1] . However, TCRs generate harmonic currents on the source side [2] . Many topologies were proposed to improve the compensation characteristics of the source-side harmonic currents [3] - [6] . Fig. 1 shows a power circuit diagram of the proposed hybrid SVC topology. The passive filters, which consist of the 5th-and 7th-tuned filters and a high-pass filter (HPF), are combined with the TCR. A three-phase voltage-source pulse-width-modulated (PWM) inverter is connected in series to the passive LC filters through matching transformers (MTs). The series-connected three-phase PWM inverter improves the compensation characteristics of the passive filters.
Hybrid active filters (AFs) were also proposed by many researchers [7] - [11] . The proposed hybrid active power topologies were basically a series connection of the LC tuned filter and a three-phase shunt AF. The rating of the shunt AF can be reduced because the fundamental reactive and designate-order harmonic currents are compensated by the series-connected LC tuned filter. A hybrid SVC topology with the hybrid AF was proposed [12, 13] . Fig. 2 shows a power circuit diagram of the proposed hybrid SVC. The PLCs with TCRs control the fundamental reactive power on the source side. As the shunt AF compensates only harmonic currents, the required rating of the shunt AF is small. In [14] , a static synchronous compensator (STATCOM) is combined with TCRs. The STAT-COM performs PLCs compensating harmonic currents on the source side. Thus, the required rating of the parallel-connected STATCOM is large. A combined system of shunt-passive and series AFs was also proposed [15] - [17] . While the proposed topologies are practical and cost-effective, the fundamental Load TCR STATCOM Fig. 3 . Power circuit diagram of the previously proposed hybrid SVC with a static synchronous compensator (STATCOM) [14] . reactive power on the source side cannot be controlled. Table I shows summaries of the previously proposed hybrid SVC. Thus, a hybrid SVC topology consisting of TCRs and pure PLCs with a small-rated voltage-source PWM inverter has not been reported as long as the authors know. This paper proposes a new hybrid SVC topology comprising a series AF and SVC, which consists of TCRs and pure PLCs. The series AF is connected in series to the pure PLCs. Thus, the authors offer a simple, practical, and costeffective hybrid SVC. In [17] , Prof. H. Fujita, et al. previously proposed a combined system consisting of a shunt passive filter and series AF for a current-source harmonic-producing load. Considering both the three-phase load and the TCR as a current-source harmonic-producing load, the previously proposed control strategy for the series AF is applicable to the newly proposed hybrid SVC. The basic principle of the proposed hybrid SVC is discussed in detail. The compensation characteristics of the harmonic currents are shown in detail, and they are then confirmed by digital computer simulation using PSIM software. Simulation results demonstrate that the sinusoidal source currents with a unity power factor are obtained. From the simulation results, the required-capacity of the series AF is 2.7 % as compared to that of the rating of the three-phase load. This demonstrates that the proposed hybrid SVC is useful for practical distribution feeders.
II. Newly proposed hybrid static var compensator Fig. 4 shows a circuit diagram of the proposed hybrid SVC. The proposed hybrid SVC comprises a series AF and SVC, which consists of the Δ-connected TCR and Δ-connected pure PLCs. The series AF consists of a three-phase voltage-source PWM inverter with insulated-gate bipolar transistors (IGBTs). The series AF is connected in series to the three-phase PLCs through MTs, where the turns ratio is 1:2. The small-rated LC filter L f and C f suppresses switching ripples that are generated by the PWM inverter, which performs the series AF. The purpose of this paper is to demonstrate the compensation performance of the reactive and harmonic currents for the proposed hybrid SVC. Thus, ideal models for IGBTs, MTs, inductors, and capacitors are used. A three-phase load generates the fundamental reactive currents, 5th-and 7th-order harmonic currents. A three-phase current source is used to demonstrate the three-phase load. The rating of the three-phase load is 176 MVA. The ratings of the three-phase source voltages are 33 kVrms, 60 Hz, while the rating of the inductor of TCRs is 80 MVA and that of the PLCs is 140 MVA, respectively. The pure PLCs with TCRs compensate the fundamental reactive power on the source side. The series AF performs a resistor of K C Ω. This series AF compensates the source-side harmonic currents, and the sinusoidal source currents with a unity power factor are achieved on the source side. As quantitatively shown in the simulation results, the required capacity of the series AF is 2.7 % as compared to that of the rating of the three-phase load. Thus, the proposed hybrid SVC is practical and costeffective. Prof. H. Fujita, et al. proposed a combined system of a shunt-passive and series-AF for the current-source harmonicproducing load with a novel control method of the series AF [17] . Note that there are two current-source harmonicproducing loads, namely the TCR and three-phase load, in Fig. 4 . Therefore, the control method proposed in [17] is applicable to the proposed hybrid SVC in Fig. 4 . This is a simple and practical idea for the control strategy of the series AF in Fig. 4 .
Here, the basic principle of the harmonics-compensation strategy of the series AF is briefly introduced. A three-phase phase-locked loop (PLL) is used to detect the electric angle θ C of a-phase PLCs current [18] . Note that any sensors for the external voltages and currents are not needed in the proposed hybrid SVC shown in Fig. 4 . The authors have offered a practical hybrid SVC.
The source currents i Sa , i Sb , and i Sc are expressed as Triangular wave Three-phase source currents, i Sa , i Sb , and i Sc are detected, and then the detected source currents are transformed into d-q coordinates using the detected electric angle θ C . i Sd and i Sq are given by
The dc components 
Therefore, the series AF performs a resistor of K C Ω for source-side harmonic currents i Sah , i Sbh , and i Sch . A sinetriangle intercept technique is used to generate the gate signals for the three-phase voltage-source PWM inverter. The switching frequency f S of the three-phase voltage-source PWM inverter is 12 kHz. Fig. 5 shows per-phase equivalent circuits for Fig. 4 . Fig. 5(a) shows a per-phase equivalent circuit for Fig. 4 , whereV S is the source voltage,İ S is the source current,İ L is the load current,İ C is the PLC current,V Ch is the output value of the series AF,Ż S is the source-side impedance, and
Three-phase load with TCR Z C is the impedance of a per-phase PLC. Considering both the TCR and three-phase load as a current-source harmonicsproducing load, Fig. 5 (a) can then be represented as Fig. 5(b) . In Fig. 5(b) , (3) is rewritten aṡ
When no harmonics are included in the source voltageV S , a per-phase base equivalent circuit for load-side harmonic currents is shown in Fig. 5(c) . In Fig. 5(c) , the source-side harmonic currentİ Sh is given bẏ
Thus, the sinusoidal source currents i Sa , i Sb , and i Sc are obtained with the series AF connected to the pure PLCs. The transfer function G(s) of the LPF in Fig. 4 
is considered in (5). The transfer function G(s) of the LPF is expressed as
where the cut-off frequency f C is 179 Hz and the damping ratio ξ is 0.7. With the transfer function G(s), the source-side harmonic currentsİ Sh are rewritten aṡ Fig. 6 (a) shows gain plots for Fig. 5(c) , where the sourceside impedanceŻ S =0.1 pu. In Fig. 6 , f 0 is the sourcevoltage frequency, which is 60 Hz. The line with K C =0 shows the compensation performance for the source-side harmonic currents when the series AF is not connected. From the 2nd-to 5th-order components, the source-side harmonic currentṡ I Sh generated by the TCRs and three-phase load are magnified. The rating of the three-phase load is 176 MVA. The rated loadside impedance is 6.2 Ω. Thus, the control gain K C of 30 Ω is used with the condition that K C (Ż S +Ż C ) in (8) and (9) . The line with K C =30 shows the compensation performance for the source-side harmonic currentsİ Sh with the series AF, where K C =30 Ω. The series-connected AF perfectly suppresses the source-side harmonic currentsİ Sh . Fig. 5(d) shows a per-phase base equivalent circuit for the source-voltage harmonicsV Sh . In Fig. 5(d) ,İ Sh is expressed byİ Fig. 6(b) shows gain plots for Fig. 5(d) . The line with K C =0 shows the compensation performance for source-side harmonic voltagesV Sh when the series AF is not connected. From the 3th-to 4th-order components, the source-side harmonic currentİ Sh flows into the PLC. The line with K C =30 shows the compensation performance for the source-side harmonic voltagesV Sh with the series AF. The series-connected AF perfectly suppresses the source-side harmonic currentsİ Sh . Thus, the source-side harmonic currentsİ Sh are isolated by the series AF in the proposed hybrid SVC. Therefore, sinusoidal source currents with a unity power factor are obtained with the proposed hybrid SVC. Note that no fundamental source voltage appears across the series AF, and this results in a significant reduction in the required rating of the series AF.
III. Simulation results
The validity and high-practicability of the proposed hybrid SVC are confirmed by digital computer simulation using PSIM software. The RMS value of the fundamental components of the load currents is 3.08 kArms. The 5th-order components of 334 Arms and 7th-order components of 100 Arms are also included in the load currents i La , i Lb , and i Lc . Thus, total harmonic distortion (THD) values of i La , i Lb , and i Lc are 11.3 %, respectively. The power factor (PF) is 0.7. Table II shows circuit constants for Fig. 4 , which are used in the following simulation results. The small-rated LC filter L f and C f suppresses switching ripples generated by the PWM inverter, which performs the series AF. The constant dccapacitor voltage control is added in Fig. 4 . The dc-capacitor voltage v DC is controlled using the d-axis component in d-q coordinates of the PLCs currents i Cab , i Cbc , and i Cca . Fig. 7 shows simulation results for Fig. 4 to its reference value V * DC = 10 kVdc. The ripple of the dccapacitor voltage is 4.0 % in the transient state and ± 1.0 % in the steady state. Fig. 8 shows simulation results for Fig. 4 with light to heavy three-phase load variation. The three-phase load currents i La , i Lb , and i Lc vary from 0.6 pu to 1.0 pu. Before and after the load variations, the source currents i Sa , i Sb , and i Sc are sinusoidal with a unity power factor. The dc-capacitor voltage v DC is well controlled to its reference value V * DC = 10 kVdc. The ripple of the dc-capacitor voltage is 8.9 % in the transient state and ± 1.0 % in the steady state.
The required rating of the three-phase voltage-source PWM inverter, which performs the series AF, is now calculated. The required rating S AF is expressed as
where V AFa , V AFb , V AFc , I Cab , I Cbc and I Cca are all RMS values. From the simulation results shown in Fig. 7 , S AF =4.7 MVA. This is 2.7 % as compared to that of the rating of the threephase load. The addition of the small-rated three-phase and low-cost voltage-source PWM inverter significantly improves the power quality on the source side. It is therefore confirmed that the proposed hybrid SVC is useful for practical applications.
IV. Conclusion This paper has proposed a new hybrid SVC topology comprising a series AF and SVC, which consists of TCRs and pure PLCs. The series AF is connected in series to the pure PLCs. The series AF performs a resistor for source-side harmonic currents. A sinusoidal source current with a unity power factor is obtained. The basic principle of the proposed hybrid SVC has been discussed in detail. The compensation characteristics of the harmonic currents have been shown, and then confirmed by digital computer simulation using PSIM software. Simulation results have demonstrated that the sinusoidal source currents with a unity power factor are obtained. From the simulation results, the required-capacity of the series AF is 2.7 % as compared to that of the rating of the three-phase load. It is, thus, concluded that the proposed hybrid SVC is useful for practical distribution feeders.
